Abstract We investigated the effects of circulating factors in serum obtained from patients in the acute phase of different subtypes of ischemic stroke on non-ischemic cerebral and mesenteric arteries, as a potential mechanism involved in influencing regional perfusion and thus clinical evolution. Posterior cerebral arteries (PCAs) and mesentery arteries (MAs) isolated from Wistar Kyoto rats were perfused with serum from acute stroke patients with large vessel disease without (LVD) or with hypertension (LVD + HTN), cardioembolism with hypertension (CE + HTN), or physiologic saline as controls. Myogenic activity and nitric oxidedependent vasorelaxation were assessed after 2 h of intraluminal exposure to serum. Vascular function was differentially affected by sera. Exposure to LVD serum increased myogenic tone and produced endothelial dysfunction in both PCAs and MAs. However, CE + HTN serum increased tone and decreased smooth muscle sensitivity to NO in vessels from both vascular beds. LVD + HTN serum was associated with reduced smooth muscle sensitivity to NO in vessels from both vascular beds but increased tone only in PCAs. Inflammation and oxidative stress, determined by measurement of high sensitivity C-reactive protein, uric acid, and free 8-isoprostane, were enhanced in all the serum groups. These results demonstrate vasoactive properties of acute stroke serum related to stroke subtypes that could potentially contribute to the pathogenesis of early hemodynamic-based clinical events.
Introduction
Acute ischemic stroke triggers an inflammatory response and enhances oxidative stress with release of cytokines, chemokines, adhesion molecules, proteolytic enzymes, and oxidative stress biomarkers into the blood [1] [2] [3] . Furthermore, the various patterns of circulating biomarkers that have been reported in patients' blood within the first hours from stroke onset may relate to the etiopathological heterogeneity of stroke [4, 5] . For example, large vessel disease and hypertension are currently thought to share a common pathophysiological background characterized by chronic low-grade systemic inflammation, endothelial dysfunction, and oxidative stress, consistent with raised levels of high sensitivity C-reactive protein (hsCRP), proinflammatory cytokines, endothelin-1 (ET-1), vascular endothelial growth factor and oxidative stress biomarkers found in patients with these diagnoses [2] [3] [4] [5] [6] [7] [8] [9] . In patients with cardioembolic stroke, the key role of intracardiac activation of coagulation is supported instead by a Bthrombogenic profile^of biomarkers [7] . Circulating factors are usually considered in diagnostics as pathophysiological markers, but many of them also possess biological activity with documented vasoactive properties [9, 10] .
In the acute phase of stroke, the presence of vasoactive circulating factors may be of fundamental importance by potentially influencing vascular function outside of the ischemic area, with repercussions on hemodynamics, regional blood perfusion, and potentially clinical management and outcome. Cerebral hemodynamics is often impaired in the acute phase poststroke [11] . Cerebral autoregulation and hemodynamics have been found altered after stroke by several techniques (transcranial Doppler ultrasound, positron emission tomography, magnetic resonance imaging) in both hemispheres [12] [13] [14] [15] . These changes can occur as attempts to restore adequate perfusion in the penumbra or to enhance unaffected hemisphere function for compensation but are often involved in determining early complications responsible for neurological deterioration [14] [15] [16] [17] . Peri-ictal alterations of blood pressure, crucial for clinical management, have been described in both directions and express altered peripheral vascular resistance, mainly determined by changes in the state of constriction of systemic resistance vessels [18, 19] .
The etiology of these early hemodynamic-based clinical events poststroke is likely multifactorial but at present poorly understood [12, 15, 17] . A contribution from vasoactive circulating factors has been postulated, but to our knowledge, only a few studies have explored the potential Bsystemic( i.e., blood-borne) effect of stroke on non-ischemic vessels in animal models and human patients [12, [20] [21] [22] . The aim of the present study was to investigate the effect of circulating factors originated during the acute phase of stroke on nonischemic cerebral and systemic vascular function. We used a combination of animal model and human serum, by perfusing rat cerebral (posterior cerebral artery, PCA) and systemic (mesentery artery, MA) vessels with human serum from acute stroke patients with different etiologic subtypes and comorbidities. We hypothesized that the serum-induced vascular dysfunction would be different according to the serum subtype and vascular bed. The contribution of inflammation and oxidative stress was investigated assessing the levels of hsCRP, uric acid, and free 8-isoprostane in the different sera.
Materials and Methods

Patients and Serum Samples
After acquisition of informed consent, blood samples were collected from patients hospitalized for acute ischemic stroke and enrolled in an ongoing institutional review boardapproved study at the Oregon Health and Science University (OHSU; Portland, OR, USA). Clinical variables were assessed and recorded by the hospital physicians and nurses. Stroke subtypes were classified according to Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria [23] ; stroke severity at admission was assessed by the National Institute of Health Stroke Scale (NIHSS) [24] and prestroke disability by modified Rankin scale [25] . Comorbidities and previous pharmacological treatments were identified if formally reported in patients' medical history. Venous blood was drawn 24 ± 4 h from the onset of symptoms and, after centrifugation, was immediately stored in polypropylene tubes at −80°C. We considered sera from patients with acute stroke due to large vessel disease or cardioembolism [23] with or without medical history of hypertension. To reduce confounding factors, patients with a diagnosis of current acute infection, chronic inflammatory diseases, cancer, or with an acute event classified as Bstroke of uncertain or multiple etiologies^were excluded. Sample selection was performed ensuring adequate amount and quality with no visual hemolysis. Along these lines, samples from 12 patients were identified and divided into 3 groups of 4 patients each: large vessel disease with hypertension (LVD + HTN), large vessel disease without hypertension (LVD), and cardioembolism with hypertension (CE + HTN). Sera were pooled within each group and stored at −80°C as aliquots until experimentation.
Measurement of Circulating Markers of Inflammation and Oxidative Stress
For each patient, standard clinical stroke assessments were done and hsCRP and uric acid levels were obtained at the same time as sera using routine testing by the OHSU hospital laboratory. Free 8-isoprostane (8-iso-PGF 2α ), used as an index of oxidative stress [3] , was measured in our laboratory for each patient group on pooled samples by a monoclonal antibodybased ELISA method (Cayman Chemical, Ann Arbor, Michigan US). Serum samples were diluted 1:2. All samples were measured in triplicate.
Animals
Male Wistar Kyoto rats (∼300 g) were used for all experiments. Animals were either single or group-housed in the Animal Care Facility, an Association for Assessment and Accreditation of Laboratory Animal Care accredited facility. Animals had access to food and water ad libitum and followed a 12-h light/dark cycle.
Preparation of Arterial Segments and Arteriograph System
Animals were anesthetized with 3 % isoflurane prior to being euthanized. The brain and a section of gut with mesentery and intact vasculature were removed and placed into cold, oxygenated physiologic saline solution (PSS). Second-order PCAs and third-order MAs were carefully isolated and excised. Vessels were mounted on glass cannulas in a pressurized arteriograph system and perfused intraluminally through the proximal cannula. To evaluate the effect of circulating factors in acute stroke serum on vascular function, arteries were perfused with human serum from the different stroke subtypes (diluted to 20 % volume/volume with PSS). Because of the unavailability of serum from age-matched healthy subjects (without stroke but also without hypertension and atherosclerosis), we perfused arteries for the control group with PSS. A total of 36 experiments were performed for each vessel type, divided in groups according to the perfusate: PSS (Control, n = 8), LVD + HTN serum (n = 10), LVD serum (n = 10), or CE + HTN serum (n = 8). A pressure transducer connected to a pressure servo controller (Living Systems Instrumentation Inc., Burlington, VT, USA) was attached to the proximal cannula to control and maintain intravascular pressure. There was no intraluminal flow to avoid flowinduced responses. Vessels were visualized using an inverted microscope, with attached video camera. Lumen diameter and wall thickness were measured by a video dimension analyzer. WINDAQ data-acquisition software was used to continuously record changes in intraluminal pressure and inner diameter.
Experimental Protocol
Vessels were allowed to equilibrate at 50 mmHg for 2 h prior to experimentation in the presence of intraluminal human serum or PSS. Intraluminal pressure was increased to 175 mmHg in 25-mmHg increments, and lumen diameter and wall thickness were recorded to measure active myogenic responses and calculate percent tone. The pressure was then reduced to 75 mmHg, where it was maintained throughout the experiment. MAs and PCAs were preconstricted to ∼50 % of the baseline using the thromboxane agonist U46619 (∼10 −7 and ∼10 −8 M, respectively). In the presence of U46619, both vessels were given increasing concentrations of acetylcholine (10 −5 to 10 −8 M) to evaluate receptor-mediated endothelium-dependent vasorelaxation. The vessels were then washed with PSS. N ω -Nitro-L-arginine methyl ester (L-NAME, 10 −3 M) was given to inhibit nitric oxide synthase (NOS), and constriction in response to the NOS inhibitor recorded. Since L-NAME did not produce sufficient constriction in MAs, U46619 was added to produce a constriction of ∼50 % of the baseline diameter. Increasing concentrations of sodium nitroprusside (SNP, 10
to 10 −8 M) were then given to both vessels to determine vascular smooth muscle sensitivity to NO. The vessels were washed with calcium-free PSS and given papaverine (10 −4 M) and diltiazem (10 −5 M) to ensure passivity of the smooth muscle. Pressure was increased to 200 mmHg, and passive lumen diameter and wall thickness were recorded at pressures from 200 to 5 mmHg. During the entire experiment, pH and temperature of the bath were constantly measured and kept stable at 7.4 ± 0.05 and 37.0 ± 0.5°C, respectively.
Solutions and Drugs
PSS was made weekly with the following ionic composition (mM): 119 NaCl, 4.7 KCl, 1.17 MgSO 4 , 0.026 EDTA, 3.4 CaCl 2 , 24 NaHCO 3 , 1.18 KH 2 PO 4 . Calcium-free PSS was also made weekly, using the same ingredients as above, excluding CaCl 2 . Both solutions were stored at 4°C without glucose; 5.5 mM dextrose was added before each experiment.
During the experiments, solutions were aerated with 5 % CO 2 , 10 % O 2 , and 85 % N 2 to maintain pH at 7.4. Acetylcholine, L-NAME, SNP, diltiazem, and papaverine were purchased from Sigma-Aldrich (St. Louis, MO, USA) and U46619 from Enzo Life Sciences (Farmingdale, NY, USA). Drug stocks were prepared weekly and stored at 4°C.
Data Calculations
Myogenic tone was calculated at each pressure using the equation [1 − (φ active /φ passive )] × 100 %, where φ active is vessel active diameter and φ passive is the diameter in calcium-free PSS in the presence of diltiazem and papaverine. Percent constriction to L-NAME was calculated as a percentage decrease of vessel diameter from the baseline at 75 mmHg after addition of the vasoconstrictor. Percent reactivity to acetylcholine and SNP were calculated using the equation [(φ dose − φ start )/(φ-passive − φ start )] × 100 %, where φ start is baseline vessel diameter, φ dose is the diameter after each addition of vasodilator, and φ passive is the diameter in calcium-free PSS in the presence of diltiazem and papaverine at 75 mmHg.
Statistical Analysis
Patients' demographics and clinical features are reported as mean ± SEM for continuous variables, median [IQR] for skewed continuous variables and frequencies (percentages) for categorical variables; differences were evaluated with one-way ANOVA and χ 2 test, respectively. Free 8-isoprostane levels are reported as mean ± SD of triplicate measurements on pooled samples, and thus statistical analyses were not performed. Experimental data are presented as mean ± SEM. Differences between the groups were assessed using one-way ANOVA with a post hoc analysis for multiple comparisons (Tukey's or Dunnett's correction test, where appropriate). Differences at various pressures within a serum group were determined by repeated-measures ANOVA with a post hoc analysis for multiple comparisons (Dunnett's correction test). Differences between PCAs and MAs were determined using unpaired t test. Differences were considered statistically significant at p < 0.05.
Results
Clinical Features of the Groups
Demographics and clinical features of the patients are shown in details in Table 1 . As expected, the rate of atrial fibrillation was significantly higher in the CE + HTN group compared to other groups. Also, the incidence of previous treatment with antihypertensives was higher in the same group. Interestingly, none of the patients included in the LVD + HTN group reported an ongoing antihypertensive therapy despite the diagnosis of hypertension. LVD + HTN group had the highest NIHSS at admission, although without significant difference compared to the other groups. Mean serum hsCRP in all groups was higher than normal (<3 mg/L). LVD + HTN group had substantially higher mean hsCRP compared to other groups, although it was not statistically significant (p = 0.09). Mean uric acid concentrations were within reported normal range (3.7-8.0 mg/dL) and similar within the groups. Table 1 also reports the levels of free 8-isoprostane in each group. LVD + HTN serum was characterized by the highest concentration of 8-isoprostane, followed in order by LVD and CE + HTN sera.
Effects of Stroke Serum on Myogenic Reactivity and Tone in Non-Ischemic Vessels
We investigated the effect of intraluminal exposure to sera on myogenic reactivity in response to stepwise increases in Fig. 1a . The presence of serum did not alter inner diameters of PCAs at pressures from 50 to 100 mmHg. However, when pressure was increased to 125 mmHg, PCAs perfused with CE + HTN serum constricted demonstrating myogenic reactivity. PCAs perfused with LVD and LVD + HTN serum did not significantly change diameters with increasing pressure. Figure 1b shows changes in inner diameter of MA groups in response to pressure. The presence of LVD + HTN serum caused MA vessels to be relatively passive and diameters increased with increasing pressures, suggesting diminished myogenic activity. In contrast, inner diameter of MAs from LVD and CE + HTN groups were smaller and did not change appreciably with increased pressure. These differences in diameters were not due to vessel size of MAs as passive diameters were similar among the groups (p > 0.05, data not shown).
To determine if serum caused differences in myogenic tone, we calculated the amount of myogenic tone at 75 mmHg, in both PCAs and MAs (Fig. 2) . The presence of serum in PCAs caused an increase in tone compared to controls. In addition, CE + HTN serum caused the greatest vasoconstriction and the highest amount of tone, with a significant difference compared to LVD + HTN group. MAs had significantly lower tone than PCAs in all groups, as shown previously [26] . However, the presence of both LVD and CE + HTN serum caused an increase in tone in MAs compared to control PSS and LVD + HTN serum. Figure 3 shows percent constriction to the NOS inhibitor L-NAME of PCAs and MAs from all groups. Control PCAs constricted ∼30 % compared to only ∼5 % of control MAs (p < 0.01), demonstrating a larger contribution of NO to inhibiting tone in cerebral vessels. Interestingly, serum from all groups reduced constriction to L-NAME in PCAs compared to control. However, the presence of serum in MAs did not affect constriction to L-NAME, which was significantly lower than PCAs of the same groups.
Effects of Stroke Serum on NO Contribution to Tone and NO-Dependent Vasodilation
Percent reactivity in response to increasing concentrations of acetylcholine and SNP (10 −8 to 10 −5 M) in PCAs and MAs from all groups is shown in Fig. 4 . The presence of serum perfused in PCAs caused reduced reactivity to acetylcholine, although this was statistically significant only for LVD serum at 
Discussion
Inflammation is a pathophysiological hallmark in acute cerebral ischemia. The serum from all groups of acute stroke patients was indeed characterized by notably raised hsCRP levels than normal, widely recognized as index of ongoing inflammation. HsCRP is often raised after stroke as part of a non-specific acute phase reaction, and greater values have been associated with higher stroke severity and larger infarcts [5, 27] . Moreover, each group displayed a diagnosis of large vessel disease and/or hypertension, which have been reported to be associated with higher hsCRP levels [4, 5, 7, 27, 28] . However, in some cohorts, hsCRP was elevated also in acute cardioembolic stroke, possibly biased by coexisting higher stroke severity [4, 28] . Other than a marker, CRP is known to be vasoactive, leading to vasoconstriction through various mechanisms. In endothelial cells, CRP facilitates the release of ET-1 and superoxide production by NADPH oxidase [29, 30] . In vascular smooth muscle cells, CRP stimulates reactive oxygen species (ROS) formation, increases angiotensin type 1 and reduces angiotensin type 2 receptor number [31, 32] . In the serum from all groups of patients with acute stroke, it is reasonable to expect an enhanced expression of proinflammatory circulating factors, such as cytokines and chemokines, which have been shown to correlate with hsCRP levels and have vasoactive properties [9, 10, 33] , although we did not perform specific measurements. In addition, correlation between CRP and other biomarkers with vessel reactivity was not performed because the serum samples were pooled. Oxidative stress, namely the increased bioavailability of ROS resulting from an imbalance in which prooxidants overwhelm antioxidant capacity, is another major pathophysiological process involved in stroke. ROS are highly reactive to various molecular targets (lipids, proteins, nucleic acids, carbohydrates) and damage vascular walls by inducing lipid peroxidation. In addition, ROS interfere with vasoreactivity even at low concentrations not only by acting as signaling molecules but also by reducing NO bioavailability [3, 20, 34, 35] . Furthermore, ROS are potent stimulators of ET-1 synthesis by endothelial and smooth muscle cells [36] . F 2 -isoprostanes are stable circulating end products of lipid peroxidation and are considered specific and reliable biomarkers of oxidative stress. In addition, their levels in biological fluids correlate with ROS levels and oxidative stress in experimental and human studies, and also with the presence of cardio-and cerebrovascular risk factors [3, 37] . Besides markers, F 2 -isoprostanes can act as mediators of oxidant injury. For example, 8-isoprostane is a potent vasoconstrictor in cerebral and systemic arteries [37, 38] . The serum from all the groups of stroke patients exhibited higher 8-isoprostane levels compared to those reported in acute stroke patients in the literature [39] . Uric acid has also been hypothesized to be a biomarker and mediator of oxidative stress as well as to act as a scavenger of oxidants, but clarifying evidence is lacking [40] . Nevertheless, in our study, uric acid levels at 24 h were similar and within the normal range in every group.
Although inflammatory and oxidative stress profiles were enhanced in serum from all groups, vascular function was differentially affected. LVD serum caused an increase in myogenic tone compared to control in PCAs. Reduced reactivity to acetylcholine and reduced constriction to L-NAME in the presence of normal reactivity to SNP suggest that serum affected endothelium-dependent relaxation, while smooth muscle sensitivity to NO was preserved. Similar effects were found in MAs perfused with the same serum. A possible explanation for these findings is reduced NO bioavailability due to increased production of superoxide [35] . Raised 8-isoprostane levels could have contributed to the vasoconstricting effect of serum and also support the Fig. 3 Effect of acute stroke serum on percent constriction to L-NAME (10 −3 M) in PCAs and MAs. Serum from all groups of stroke patients reduced constriction to L-NAME in PCAs compared to control, while no differences were measured among MA groups. *p < 0.05 vs. Control; p < 0.01 vs. PCAs perfused with the same serum hypothesis of an enhanced oxidative stress milieu as the underlying mechanism of endothelial dysfunction. Moderately increased levels of hsCRP, moderate stroke severity, and presence of atherosclerosis could imply a proinflammatory pattern of circulating factors, possibly further stimulating endothelial production of superoxide [9, 10] .
PCAs perfused with serum from CE + HTN patients showed higher myogenic reactivity and tone than the other groups, reduced constriction to L-NAME with reduced reactivity to SNP, suggesting compromised smooth muscle sensitivity to NO. MAs perfused with the same serum exhibited increased tone and tended to have reduced reactivity to SNP, although this was not statistically significant. Thus, in both vessel types, this serum increased tone, but affected smooth muscle prominently in PCAs. The relatively major effect produced by serum components on smooth muscle of PCAs could depend on specific receptor expression of this vascular bed. The increase in tone could also derive from the presence in the serum of a vasoconstrictor. Potent vasoconstrictors such as ET-1 or angiotensin II have been described as raised in stroke patients especially with hypertension [8, 41] . LVD + HTN serum in PCAs produced increased myogenic tone versus control, reduced constriction to L-NAME, and reduced reactivity for lower concentrations of SNP, indicating impaired smooth muscle sensitivity to NO. In MAs, exposure to this serum did not increase tone and was associated with reduced reactivity to SNP. The relatively lower impairment in smooth muscle measured in PCAs versus MAs could be due to the protective action of the blood-brain barrier. The increase in myogenic tone only in PCAs could be determined by the presence of a vasoconstrictor that, according to different receptor profiles, is effective on PCAs while functionally inactive in MAs. Vasoactive factors of this serum could belong to inflammatory and oxidative stress environment, as suggested by the higher levels of hsCRP and 8-isoprostane compared to the other sera. Inflammation and oxidative stress could have been potentiated by the simultaneous presence of atherosclerosis, untreated hypertension, and higher stroke severity [1, 2, 5] .
The clinical significance of the vasoactive effect of stroke serum in non-ischemic vessels is not clear and may contribute to either clinical improvement or deterioration [14] [15] [16] [17] . However, in our set of experiments, we found that serum from all groups of patients produced cerebral vasoconstriction in nonischemic vessels, which could result in regional CBF reduction. Since ischemic depth, duration, and collateral status may be different among stroke subtypes, it is also possible that the impact of serum-induced vasoconstriction may vary [6, 16] . Vasoconstriction of collaterals reduces perfusion of the penumbra and promotes the expansion of the infarct (Bcollateral failure^), especially in cases of already impaired collaterals due to atherosclerosis and hypertension [16] . In cases of early arterial recanalization, as often observed in cardioembolic stroke, vasoconstriction of non-ischemic cerebral vessels can also support the mechanism of neurological worsening known as Bhemodynamic steal phenomenon^, characterized by improved perfusion in the ischemic field at the expense of the other cerebral areas [17] .
As for mesenteric vessels, the intrinsic vascular tone is the main determinant of peripheral resistance and is thus directly responsible for establishment of blood pressure [18] . Independently from previous medical history, transient peri-ictal changes of blood pressure have been described in both directions and represent a grey area in terms of best clinical management. High blood pressure occurs in up to 75 % of acute strokes while low blood pressure is infrequent; however, both are predictive of poor outcome [19] . These alterations are presumably due to multifactorial causes (e.g., undiagnosed preexisting hypertension, treatments, neuroendocrine response), but a role of blood-borne vasoactive factors could be considered among the possible contributors. According to this perspective, the vasoconstricting effect produced by LVD and CE + HTN sera in MAs could support an increase of peripheral resistance and consequently of arterial pressure.
Our study has some limitations that should be acknowledged. First, we measured only one (8-isoprostane) of the vasoconstrictors possibly contained in serum, and there may be others that contribute to increased tone or altered reactivity. Second, the results from this in vitro, Bsingle-vessel^model have to be interpreted with caution in terms of hemodynamics. Control of blood flow is determined by changes in vascular resistance that involves more than just one segment of the arterial tree. Third, we determined vascular function after a relatively brief exposure to serum (few hours). It is possible that longer exposure would affect vascular function to a greater extent. Fourth, selecting only patients without other known proinflammatory conditions, we had a relatively small number of stroke patients in each group for pooling samples. Lastly, serum concentration in the perfusate was also lower than the physiological in the blood (20 vs. ∼55 %) for the diseased groups. Nonetheless, due to unavailability of serum from age-matched healthy subjects, our control group was perfused with saline instead of healthy human serum; therefore, our results could have been partially affected by this limitation.
In conclusion, our study demonstrates vasoactive properties of acute stroke serum on non-ischemic cerebral and mesenteric vessels, which related to etiological subtypes and were due to circulating factors possibly belonging to the inflammatory and oxidative stress milieu. These effects may potentially contribute to the pathogenesis of early hemodynamic events affecting non-ischemic cerebral and systemic vasculature and, if confirmed by further studies, should be considered in clinical management.
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